We report Zn abundances for 18 very metal-poor stars studied in our previous work, covering the metallicity range , which has similar atmospheric parameters to BS 16920-017, clearly demonstrates a deficiency of α elements and neutron-capture elements in this star, along with enhancements of Mn and Ni, as well as Zn. The association with a hypernova explosion that has been proposed to explain the high Zn abundance ratios found in extremely metal-poor stars is a possible explanation, although further studies are required to fully interpret the abundance pattern of this object.
Introduction
The chemical compositions of very metal-poor stars have been intensively investigated to provide observational constraints on the yields of early generations of massive stars and the result-ing elemental enrichment in the Galaxy. In particular, extremely metal-poor stars (EMP; [Fe/H] < −3) 2 have been argued to reflect the result of individual nucleosynthesis processes associated with the supernovae explosions of early generation stars (e.g., Beers & Christlieb 2005) .
Zinc, along with Ge, is often considered the heaviest of the Fe-peak elements, and its production by core-collapse supernovae is expected to be dependent on details of the explosions. Observational studies in the past decades have revealed a clear increasing trend of [Zn/Fe] ratios with decreasing metallicity in the range of [Fe/H] −2.5 (e.g., Cayrel et al. 2004) . Such a trend could not be explained by previously studied core-collapse supernova models. Thus, large contributions of energetic supernovae, called hypernovae, have been suggested as a possible source of the higher [Zn/Fe] ratios in the early stages of chemical enrichment of the Galaxy (Umeda & Nomoto 2002) . Chemical evolution models including hypernovae yields reproduce, at least qualitatively, the observed trend of [Zn/Fe] at very low metallicity (e.g., Kobayashi et al. 2006; Tominaga et al. 2007 ). Other scenarios to explain Zn excesses at extremely low metallicity have been also discussed. For example, Zn might be also synthesized by neutron-capture processes during helium burning in the shells of low-to intermediate-mass AGB stars (main s-process) and in the cores of massive stars (weak s-process) , as has been investigated by Baraffe et al. (1992) , Matteucci et al. (1993) , and Raiteri et al. (1993) . However, it remains unclear how effective these contributions might be at extremely low metallicity.
Another interesting observational result on Zn abundances at very low metallicity is the rather small scatter of [Zn/Fe] ratios. The abundance ratios among Fe-peak elements, e.g., [Cr/Fe] and [Ni/Fe] , in metal-poor red giants exhibit clear trends with little scatter (Cayrel et al. 2004; Lai et al. 2008) , although some of them simply trace the solar abundance ratio. The small observed scatter in the [Zn/Fe] ratios is perhaps surprising, given the expected sensitivity of the yields of Fe-peak nuclei to the parameters used to model explosive nucleosynthesis. It should also be noted that the heavy neutron-capture elements (e.g., Sr, Ba, Eu; Z ≥ 38), which are also thought to be produced during the explosion of core-collapse supernovae, exhibit a very large scatter in their abundance ratios (e.g. McWilliam et al. 1995; Honda et al. 2004b) . No clear excess of Zn is found for objects that show large enhancements of heavy neutron-capture elements (Cayrel et al. 2004; François et al. 2007 ), nor of light ones (Honda et al. 2006 .
Although the [Zn/Fe] ratios in the Galactic halo exhibit a clear trend with little scatter, a few stars are known that have exceptionally low or high Zn abundances. Ivans et al. (2003) investigated three halo stars with unusually low α-element abundances, and reported one with a low [Zn/Fe] abundance ratio, while the remaining two have quite high values. Moreover, the Zn abundances of intermediate and higher metallicity stars in dwarf satellites around the Galaxy appear systematically lower than those of field stars (e.g., Cohen & Huang 2010) . These observations indicate that further investigations to understand the origins of Zn, and its implications for the chemical evolution of the Galaxy (as well as in dwarf galaxies), are strongly desired.
In this paper we report our measurements of Zn abundances for the sample of very metalpoor stars studied by Honda et al. (2004b) . Among them, one star (BS 16920-017) turned out to have an exceptionally high [Zn/Fe] ratio. The detailed chemical abundance pattern of this object, determined by an abundance analysis relative to an object having similar atmospheric parameters (HD 4306), is also reported. Our observations and measurements are summarized in Section 2. In Section 3, details of the abundance analyses and the results are reported. The significance of the Zn excess in BS 16920-017 and its implications are discussed in Section 4.
Observations and Measurements
Zinc abundances are determined from the high-resolution spectra reported in Honda et al. (2004a,b) (hereafter, Paper I and II, respectively), which were obtained with the High Dispersion Spectrograph (HDS; Noguchi et al. 2002) of the Subaru Telescope (Table 1 ). The spectra cover the wavelength range 3500-5100Å, including the two Zn I lines at 4722Å and 4810Å, with a resolving power of R = 50, 000. Details of the observations have been reported in Paper I.
The signal-to-noise ratio of the previous spectrum of BS 16920-017 was not as high as the average of other stars in the sample of Honda et al. (2004a) . In addition, the Zn I 4810Å line of this object was affected by a bad column on the CCD. In order to improve the data quality around the Zn lines, another spectrum of BS 16920-017 was obtained with the same instrument, covering 4030Å to 6800Å, with a resolving power of R = 60, 000, in May 2004. The observation details are given in Table 1. Standard data reduction procedures (bias subtraction, flat-fielding, background subtraction, extraction, and wavelength calibration) are carried out with the IRAF echelle package 3 , as described in Paper I and Aoki et al. (2005, Paper III) .
Equivalent widths of the two Zn I lines were measured by the fitting of Gaussian profiles; results of this exercise are listed in Table 2 . In order to investigate the relative abundances for BS 16920-017 and HD 4306, equivalent widths of other elements were measured for a common line set for these two stars. The line data are adopted from Paper III and Aoki et al. (2007, Paper IV) . The gf values of Zn I are obtained from Biemont & Godefroid (1980) . In the lines of this list, the effect of hyperfine splitting in some Mn and Ba lines is significant. While the effect of hyperfine splitting was included in the Ba analysis in Paper II, it was not for the Mn lines. Here we take this effect into account for the Mn analysis, using the line data of McWilliam et al. (1995) . The full line list and measured equivalent widths are listed in Table 3 .
Since the spectral resolution and on-chip binning mode used to obtain the two spectra of BS 16920-017 are different, they were not merged in the present analysis. For the abundance analysis from lines in the overlapping wavelength range, priority is given to previous measurements (Paper I). For HD 4306, we adopted the equivalent widths measured by McWilliam et al. (1995) for the red range, which was not covered by our previous observations. Although the quality of the data of McWilliam et al. (1995) is not as high as that of our Subaru spectra in general, their red spectrum of the bright giant HD 4306 has sufficient quality for our purposes. Our measurements of equivalent widths for HD 4306 exhibit no systematic difference from those of McWilliam et al. (1995) for the wavelength range in common (see Fig. 6 of Paper I).
Radial velocities are measured using clean Fe I lines. The results are given in Table 1 , along with the observing date for each spectrum. No significant change of heliocentric radial velocity is found for BS 16920-017 between the two observations in April 2001 and May 2004. Prior to our observations, Allende Prieto et al. (2000) obtained a radial velocity of this star (-210 ± 10 km s −1 ) based on medium-resolution (R = 2000) spectra. This value agrees with our result within their reported measurement error. Hence, there exists no evidence of binarity for BS 16920-017 based on the data obtained thus far.
Abundance Analyses and Results
As was done in Paper II, chemical abundance analyses are performed using the analysis tool SPTOOL developed by Y. Takeda (Takeda 2005, private communication) , based on Kurucz's AT-LAS9/WIDTH9 program (Kurucz 1993) . SPTOOL calculates synthetic spectra and equivalent widths of lines on the basis of the given atmospheric parameters, line data, and chemical composition, under the assumption of LTE. We adopted the model atmosphere parameters (Table 4 ; effective temperature, surface gravity, microturbulent velocity, and metallicity) derived in Paper II, and listed in Table 2 of that paper. In the previous study, the effective temperature (T eff ) was derived from photometric data (primarily V − K), adopting the temperature scale of Alonso et al. (1996) . The microturbulent velocity (v micro ) and the surface gravity (log g) are determined from the usual constraint that the abundances derived from individual Fe I and Fe II lines are consistent with one another. The iron abundance ([Fe/H] ) is adopted as the metallicity; the [Fe/H] derived from Fe I and Fe II lines are equivalent within the reported errors. Cayrel et al. (2004) and Roederer et al. (2010) pointed out that the abundance of Mn derived from the resonance triplet at 4030Å is systematically lower (∼ 0.4 dex) than the abundance from the other Mn lines. Our results for the abundance analysis in BS 16920-017 and HD 4306 show the same trend. If we also adopt the correction of 0.4 dex for the abundance from the triplet lines, the result is in good agreement with the abundance derived from the other Mn lines. In that case, the derived abundance of Mn in HD 4306 is in agreement with previous studies (Paper II, McWilliam et al. 1995) . However, the cause of this difference remains as a matter to be discussed further. In this paper, we adopted the mean value of 6 lines with individually large errors.
Zinc Abundances for 18 Very Metal-Poor Stars
We use the two Zn I lines at 4722Å and 4810Å for the determination of Zn abundances; the region of the Zn I 4722Å line for several spectra is shown in Figure 1 . Contamination from other spectral lines is not evident at the wavelengths of these two lines in very metal-poor stars. The measured equivalent widths and the abundances from individual lines are listed in Table 2 . In general, we adopt the straight mean of the results from the two lines as the final result for the Zn abundance. An exception is CS 30306-132, for which only the 4722Å line is covered by our spectrum. The three stars BS 16082-129, CS 22892-052, and CS 22952-015 exhibit large discrepancies (∼ 0.3 dex) between the abundances derived from the two lines. Moreover, the equivalent widths of the 4722Å line are larger than those of the 4810Å in these three stars, even though the log gf value of the 4810Å line is greater than that of the other line. Sneden et al. (2003) measured the 4810Å line of CS 22892-052 to be 8 mÅ, which is in agreement with our value (9.2 mÅ). The equivalent width of the 4810Å line of CS 22952-015 measured by Cayrel et al. (2004) (5.3 mÅ) is smaller than our measured value (8.5 mÅ), but this discrepancy can be fully accounted for by the reported measurement error (3.2 mÅ for weak lines, see Paper I). This gives us confidence in our measurement of the 4810Å line rather than the 4722Å line. Therefore, for these three stars we adopt the Zn abundance from the 4810Å line as the final result. Excluding the above three objects, the offset of the mean abundances from the two spectral lines is only 0.014 ±0.016 dex, which is much smaller than the scatter of the abundance differences from the two lines (0.062 dex).
Two sources of errors are included in our estimates of the accuracy for our derived abundances. One is random errors, which might be caused by the adopted line data and equivalent width measurements. The size of the random errors are estimated from the mean of the standard deviations (1 σ) of the abundances derived from individual lines for elements that had three or more lines available. Another source is errors arising from uncertainties in the adopted atmospheric param- The derived Zn abundances are plotted in Figure 2 , along with the results obtained by previous studies. Sneden et al. (1991) investigated the Zn abundances of stars with [Fe/H] ≃ -3, and showed that most objects exhibit solar ratios of [Zn/Fe]. However, Primas et al. (2000) investigated Zn abundances for a larger sample, and found that a few very metal-poor stars exhibit overabundances of [Zn/Fe] . This trend becomes clearer from the observations of Cayrel et al. (2004) and Nissen et al. (2007) . Our study confirms the increasing trend of [Zn/Fe] with decreasing metallicity for [Fe/H] < −2.5. We note that non-LTE corrections for the Zn lines we have employed are quantitatively not significant for the stars in our sample (Takeda et al. 2005) . Energetic corecollapse supernovae (hypernovae) are suggested to be a possible origin of these Zn excesses (see Section 4).
By contrast to the clear trend of [Zn/Fe] with declining [Fe/H] and the small associated scatter, BS 16920-017 exhibits a very large abundance of Zn ([Zn/Fe] = +1 at [Fe/H] = -3), higher than reported among very metal-poor stars by previous studies (Cayrel et al. 2004; Nissen et al. 2007 ). In the sample of Cayrel et al. (2004) , [Zn/Fe] . Both of these metal-poor stars exhibit low abundances of their α elements and neutron-capture elements, along with high abundances of Fe-peak elements. We discuss comparisons of BS 16920-017 with those two stars in Section 4.
Relative Abundances of BS 16920-017 with respect to HD 4306
In an attempt to elucidate the reason for the very high [Zn/Fe] abundance ratio in BS 16920-017, we investigate the detailed abundance patterns of other elements for this object (Table 5) . To avoid the systematic errors in the abundance analyses, such as possible non-LTE effects and uncertainties in the adopted temperature scale, we select HD 4306 as a reference star, and performed abundance analyses using a common line list. HD 4306 is a bright very metal-poor star having similar stellar parameters to BS 16920-017, and it exhibits a typical elemental abundance pattern found in very metal-poor stars (Paper II).
While the difference in metallicity ([Fe/H]) between the two stars is about 0.3 dex, larger differences are seen between other elements. The differences are also evident from direct inspection of the spectra (see Figures 3-5) . The abundance patterns of the two stars are shown in Figure 6 ; the lower panel depicts the abundance differences, on the logarithmic scale, between the two stars.
As an overall trend, BS 16920-017 exhibits higher abundances of its iron-peak elements, compared with its α elements and neutron-capture elements, relative to HD 4306. Mn, Ni, and Zn have remarkably high values compared to Cr, Fe, and Co. On the other hand, the abundances of the α elements (Mg, Si, Ca), as well as Na and Sc, in BS 16920-017 are deficient compared with those of HD 4306. The neutron-capture elements Sr and Ba also exhibit significant under-abundances. The Ba abundance of BS 16920-017 is among the lowest values found by previous studies of very metal-poor stars (e.g., Honda et al. 2004b; François et al. 2007 ).
Given the low [α/Fe] ratio found in BS 16920-017 with respect to other EMP stars (see below), it may be interesting to adopt the α elements as the metallicity reference in such comparisons. While most objects shown in Figure 2 
Discussion and Concluding Remarks
We have derived Zn abundances for 18 very metal-poor stars ([Fe/H] < −2.5). We confirm the increasing trend of [Zn/Fe] with decreasing metallicity, with little dispersion, as found by previous studies. Although Zn is usually classified as an iron-peak element, its origin is still not well understood. The nucleosynthesis of Zn is thought to be the result of complete Si burning and neutron-capture processing (e.g., Heger & Woosley 2002; Umeda & Nomoto 2002) . Recently, the trend of increasing [Zn/Fe] with decreasing metallicity has been shown to be consistent with chemical evolution models including the contributions of hypernovae (e.g., Kobayashi et al. 2006; Tominaga et al. 2007 ). On the other hand, Heger & Woosley (2010) concluded that the elemental abundance ratios of EMP stars are explained by their supernovae models without a hypernova component, assuming the production and ejection of Zn in neutrino-driven winds from a protoneutron star (e.g., Pruet et al. 2005) or the accretion disk of a black hole (e.g., Fröhlich et al. 2006 ). However, their models predict lower Co and Zn abundances than observed, and they will not be enhanced by the ejecta from the innermost layers (Izutani & Umeda 2010) .
We found that one star in our sample, BS 16920-017, exhibits [Zn/Fe] = +1.04, substantially larger than the average [Zn/Fe] for other stars with metallicity near [Fe/H] = −3.0. The overall elemental abundance pattern of BS 16920-017, that is, the low abundance of its α elements and neutron-capture elements, along with the high abundance of its iron-peak elements, provides a unique constraint on possible progenitors. We note that a high [Zn/Fe] could be realized by depletion of Fe onto dust grains, as observed for interstellar matter as well as damped Lyman α systems. However, no evidence of such chemical fractionation is seen in the abundance ratio of carbon, which has a lower condensation temperature than Zn, for BS 16920-017. Measurement of S, which has a similar condensation temperature to Zn, would be useful for further confirmation of this point.
The enhancement of iron-peak elements in EMP stars could be explained by hypernovae models, as argued by several recent studies. However, among the iron-peak elements, Mn and Ni, as well as Zn, show particularly large excesses. According to the models of hypernova nucleosynthesis (e.g., Umeda & Nomoto 2002), Zn and Co are enhanced, while no excess is expected for Mn (and Cr). Moreover, it is still unclear if such a very high [Zn/Fe](∼ +1) can be explained even by hypernovae models , although N. Tominaga (private communication) suggests that a high Zn abundance ratio ([Zn/Fe]∼ +0.8) might be realized with a consistent abundance pattern of other elements of BS 16920-017 by a very energetic and bright explosion.
The overall abundance pattern of BS 16920-017 is similar to the few halo stars with exceptionally low abundances of α elements. Ivans et al. (2003) Under-abundances of α elements are also found in red giants of dwarf spheroidal galaxies, in particular in the metallicity range [Fe/H] > −2. At lower metallicity, the majority of dwarf galaxy stars seem to have over-abundances of their α elements (e.g., Cohen & Huang 2010; Frebel et al. 2010; Norris et al. 2010 ). However, the Sextans dwarf galaxy, at least, includes EMP stars with abundances of the α elements as low as the solar ratio (Aoki et al. 2009 ). The [Zn/Fe] ratio in dwarf galaxy stars is, however, not enhanced, or possibly deficient, compared to that of the field halo stars (e.g. Cohen & Huang 2010) . This suggests that BS 16920-017 (and probably the Znenhanced stars in Ivans et al. (2003) ) had quite different origins from those of the currently surviving dwarf spheroidal galaxies, even though both show similarly low abundances of their α elements. We note that Frebel et al. (2010) found a Zn-enhanced EMP star in the UMa II dwarf galaxy. This star (UMa II-S1 : [Fe/H]= −3.1) exhibits the highest value of [Zn/Fe] (+0.85), after BS 16920-017, in the abundance studies of EMP stars. However, according to the authors of that paper, the Zn lines of this object are somewhat distorted and the abundance could be overestimated. Hence, this object is excluded in the above comparisons between dwarf spheroidal stars and BS 16920-017.
BS 16920-017 exhibits a high Zn abundance, but shows low abundances of neutron-capture elements. We could not find extreme enhancement of other elements (e.g., [Cu/Fe] < +0.3, [Eu/Fe] < 0). Because no neutron-capture element other than Sr and Ba is detected in BS 16920-017, we cannot estimate the relative contributions of r-and s-processes to the neutron-capture elements of this object. The high [Sr/Ba] ratio (+1.3) possibly indicates a contribution of the so-called "weak r-process" (Pfeiffer et al. 2001; Truran et al. 2002; Wanajo & Ishimaru 2006) Burris et al. 2000) . Such processes producing large enhancements of light neutron-capture elements (Sr -Zr) do not, however, make an excess of Zn. Indeed, very or extremely metal-poor stars with large enhancements of light neutron-capture elements studied thus far (HD 122563 and HD 88609; Honda et al. 2006 Honda et al. , 2007 do not show any excess of Zn. We note that the recent study of Allen & Porto de Mello (2010) suggests that a non-negligible fraction of the synthesis of Zn is due to the weak s-process, based on observations of Ba stars in the metallicity range −0.7 < [Fe/H] < +0.12. Yong et al. (2008) (2008), this process may have influenced the synthesis of Zn. However, the s-process is not expected to contribute significantly to such EMP stars as BS 16920-017 (Kobayashi et al. 2006) .
In this study, we determined the behavior of Zn in EMP stars, including the Zn-enhanced star BS 16920-017. The abundance pattern of BS 16920-017 is different from the typical halo EMP stars: it possesses excesses of iron-peak elements, in particular Mn and Ni as well as Zn, with respect to its α elements and neutron-capture elements. This peculiar abundance pattern might be produced by the so-called hypernovae, which are thought to produce large amounts of Zn. Existence of such Zn-enhanced stars suggests that the Zn abundance can be a useful indicator in future "chemical tagging" to distinguish the origins of halo stars based on wide-field spectroscopic surveys.
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